Flowering time is considered one of the most important agronomic traits in maize (Zea mays L.), and previous studies have indicated that this trait is correlated with genome size. We observed a significant difference in genome size between tropical and temperate inbred lines and a moderate positive correlation between genome size and 180-bp knob abundance determined by high-throughput sequencing in maize inbred lines in this study. We assembled the reads that were mapped to 180-bp knob sequences and found that the top ten abundant 180-bp knob sequences are highly variable. Moreover, our results indicate that genome size is associated with the flowering time of both male and female flowers, in both tropical and temperate inbred lines and under both tropical and temperate environments. To identify loci associated with genome size, we performed a genome-wide association study. The analysis identified three genomic regions associated with genome size, of which two were novel while the third one is located close to the known knobs K8L1 and K8L2. Overall, our results indicate that selection for breeding materials with earlier flowering times can be assisted by choosing germplasms with smaller genome sizes and that genome size can be determined based on the abundance of 180-bp knobs.
been investigated using resequencing data 5, 23 ; however, a relatively small number of inbred lines were used in those studies.
Maize exhibits huge variation in flowering time, with days to flowering ranging from 35 to 120 days 27 . So far, most studies have focused on the genes regulating flowering time, such as Vgt1 28 , ZCN8 29 , id1 30 and ZmCCT 31, 32 . Many studies have also reported a large number of quantitative trait loci (QTL) 33 for flowering time, each with small phenotypic effects 34 . However, less effort has been made to study the relationship between genome size and knobs on flowering time. For example, six cycles of selection in maize for early flowering has been reported to decrease genome size 15 . Researchers have hypothesized that maize lines with larger genome sizes need more time to complete vegetative growth 14 , which may explain the link between flowering time and genome size.
One approach that has been successfully used to identify the genetic basis of quantitative traits is genome-wide association study (GWAS), which is a complementary strategy for linkage analysis. GWAS is a useful approach to dissect complex agronomic traits in maize for quick linkage disequilibrium (LD) analysis. With the availability of low-cost and high-throughput single nucleotide polymorphism (SNP) genotyping platforms, high-throughput microarray and sequencing technologies, GWAS has been successfully applied in maize to identify major effect genes and genomic regions associated with several traits including oil biosynthesis in kernels 35 , leaf architecture 36 , ZmDREB and ZmNAC111 that increase drought tolerance at seedling stage 37, 38 , crtRB1 that increases grain β-carotene concentration 39 and other QTL in the nested association mapping (NAM) population 34 .
In the present study, knob abundance in different maize inbred lines was calculated and we investigated both male and female flowering time in diverse tropical and temperate maize inbred lines and its relationship to genome size in both temperate and tropical regions. To identify loci associated with genome size, we also performed a genome-wide association study.
Results

Genome size in tropical and temperate inbred lines.
To test if there was a significant difference in genome size between tropical and temperate maize inbred lines, the genome sizes of different maize ecotypes were determined by flow cytometry. Based on ANOVA, the genome size of tropical maize inbred lines was significantly (P < 0.05) higher than the temperate inbred lines (Fig. 1a ). The genome size of tropical inbreds ranged from 5.39 to 6.24 pg, with an average of 5.75 pg and a coefficient of variation (CV) of 0.03, while those of the temperate inbreds ranged between 5.12 and 5.83 pg with an average of 5.48 pg and a CV of 0.03 ( Fig. 1a , Table S1 ).
Correlation between genome size and knob abundance.
In order to gain an insight on the relationship between 180-bp knob abundance and genome size in tropical and temperate ecotypes, DNA libraries prepared from 70 maize inbred lines originate from a wide range of latitudes were sequenced, and knob abundance was determined based on the number of reads that mapped to 180-bp knob sequences (Reads Per Kilobase of region per Million mapped reads; RPKM). Abundance of 180-bp knob sequences was highly variable, ranging from 11,854 for the temperate inbred line Ji853 to 632,730 for the tropical inbred line CML511 (Table S2 ). The overall average 180-bp knob abundance is 338,455 with a coefficient of variation of 0.38. The low knob abundance and small genome size of Ji853 prompted us to test if there was a correlation between 180-bp knob abundance and genome size. Spearman's correlation showed that there is a highly significant positive correlation between genome size and knob abundance ( Fig. 1b ; ρ = 0.5367, P < 0.01 for temperate inbreds and ρ = 0.4567, P = 0.01 for tropical inbreds). Ignoring ecotype, the value of ρ for the correlation between genome size and 180-bp knob abundance is 0.6056 (P < 0.01).
180-bp knobs are highly variable.
In order use 180-bp knob abundance as a marker to estimate genome size, we determined whether 180-bp knob sequences are monomorphic or polymorphic among different germplasm. Because the dataset was too large to assemble 180-bp knob sequences for all inbred lines, we used a subset of 16 of the 70 inbred lines that showed large differences in genome size. Paired-end sequencing reads from 16 inbred lines were aligned to 180-bp knob sequences download from NCBI. The mapped reads were used to assemble line-specific 180-bp knob sequence. We obtained 11,829 180-bp knob sequences with a different number of contigs for each line (Table 1) . Reads from the 16 resequenced lines were further mapped to these 11,829 knob sequences. The differences in the numbers of reads mapped to the 180-bp knobs among the 16 inbred lines indicated that 180-bp knob abundance is highly variable ( Table S3 ). The top ten abundant knob sequences shared about 50% similarity ( Fig. 2) , which indicate that if we want to estimate the abundance of 180-bp knob and use it as a marker for estimating genome size, we had to establish a highly variable database. Otherwise, the use of incomplete pool of 180-bp sequences will lead to an incorrect estimation of the genome size.
Correlation between flowering time and genome size. We anthesis (DTA) for male flowering and days to silking (DTS) for female flowering showed significant deviation (P < 0.008) from normality in both tropical (Hainan) and temperate (Beijing) zones( Supplementary Figure 1 ). According to the Supplemental Figure S1 , both DTA and DTS in the tropical zone shows bimodal distribution, while those in temperate show unimodal distribution. Inbred lines grown in tropical and temperate environments required from 48 to 78 and from 70 to 106 days to flower, respectively (Table S4 ). Anthesis occurred on average 1.9 and 3.2 days earlier than silking in the tropical and temperate regions, respectively (Table S4) . We next determined the relationship between genome size and flowering time. For both tropical and temperate inbred lines, genome size was moderately correlated with male and female flowering time (P < 0.05). Regardless of sex, there was higher correlation between genome size and flowering time in tropical inbreds than in temperate inbreds (Fig. 3a) . The contribution of genome size to flowering time in tropical inbreds was also larger than in temperate inbreds based on a linear model. When population structure was introduced to the linear model as described by Tenaillon et al. 14 , the contribution of genome size to DTA in and DTS in tropical ecotypes became larger than without including population structure ( Table 2) , indicating that the correlation between genome size and flowering time is independent of population structure. However, when kinship was introduced, the model was no longer significant for all traits (P > 0.05). We further analyzed the correlation between genome size and other traits related to flowering time: anthesis-silk interval (ASI), photoperiod response of day to anthesis (PRDTA) and photoperiod response of day to silking (PRDTS) ( Table S4 ). ASI is not correlated with genome size in either the tropical or temperate regions (Fig. 3b ). Both PRDTA and PRDTS are moderately negatively correlated with genome size (Fig. 3b and Table S4 ). Overall, our results indicate that there is a broad association of genome size with flowering time irrespective of sex, ecotype and environment.
GWAS of genome size. In order to identify genomic regions associated with genome size, we conducted a GWAS in a diverse panel of including 82 temperate and 93 tropical/subtropical inbred lines (Table S5 ). This panel was genotyped using a recently developed 55 K SNP Chip 40 and genome size was evaluated by flow cytometry. Using a minimum threshold value of −log 10 (P) = 3.9, we identified three genomic regions that individually explained between 9.2 and 10.8% of the phenotypic variation for flowering time ( Fig. 4 and Table 3 ). Two genomic regions are represented by a single marker that mapped in the centromere on chromosome 5 (bin 5.04) and chromosome 10 (bin 10.03); both regions are novel. The third genomic region is the most significant and is represented by two markers that are located on the long arm of chromosome 8 (bin 8.06), close to the known knobs K8L1 and K8L2 (Table 3 ).
Discussion
A number of researchers have reported the significance of small-effect QTL in flowering time variation 33, 34, 41 . However, little research has been focused on the influence of genome size on flowering time. Understanding the relationship between flowering time and genome size will aid the selection for early flowering lines in maize breeding. Here, we used a combination of high-throughput sequencing technology and flow cytometry to understand the association between flowering time and genome size indicated by 180-bp knob abundance. The association between absolute DNA content of nuclei indicated by 180-bp knob abundance and flowering time indicates that 180-bp knob abundance can be used in maize breeding.
Knobs have experienced considerable decline due to selection. For example, teosinte which is the ancestor of maize, has twice as many knobs as modern maize lines 5 . Previous efforts have been made to find knob polymorphisms 20, 24, 26, 42 . However, those studies were based on PCR amplification using conserved primer sequences, which enabled discovery of only limited types of knob sequence variation 16 . In the present study, by using a de novo assembly method, we found much more polymorphism in knob sequence. We predict that 180-bp knob abundance, as well as 350-bp knobs (known as TR-1) 20 , combined with flowering time genes, contribute to variation in flowering time in maize. Previous researchers have suggested that the increased packaging of heterochromatin caused by a larger number of 180-bp and 350-bp knobs increases the time needed for the DNA synthesis phase and thus cycle time 24 .
Our results showed a moderate correlation between flowering time and genome size, which suggests the possible influence of genome size on flowering time. However, like previously identified small-effect QTL, genome size also does not have a large effect on flowering time. The moderate correlation that we observed is also in agreement with a previous study which concluded that selection for earlier flowering leads to reduced genome size 15 . In addition to flowering time, growth rate was also found to be negatively correlated with genome size 14 . We observed a higher correlation between genome size and flowering time of inbred lines evaluated under tropical growing conditions than under the temperate growing conditions (Fig. 1) ; the contribution of genome size to flowering time under tropical growing condition was also larger than that of the temperate conditions ( Table 2 ). This result indicates that selection on genome size grown in tropical growing conditions will be more useful.
Using GWAS, we identified three genomic regions associated with flowering time, of which one region was mapped close to the knobs K8L1 and K8L2 on chromosome 8, which are annotated in maizeGDB. Two novel genomic regions were also identified in the centromere on chromosome 5 and chromosome 10. Previous studies have reported positive correlation between genome size in grass and the size of the centromere 43 and also higher knob abundance in some centromeres as compared to other parts of the chromosomes 44, 45 . Therefore, it is not surprising that QTL for genome size are located in the centromere.
Our results showed a moderate correlation between 180-bp knob abundance and genome size. Given that there are 916 lines with whole genome sequences available in HapMap3, calculating knob abundance from these data might be used to obtain a quick estimate of genome size. Based on correlation between genome size and flowering time, selection for breeding materials with earlier flowering times may be facilitated by considering genome size and haplotypes consisting of favorable alleles associated with flowering time. (Table S4) were grown in a greenhouse under 28 °C/25 °C day/night and 16 h light/8 h dark. Four plants of each inbred line were grown per pot measuring 20-cm in diameter, 15-cm in height, and these pots were filled with 1:1 nutrient soil and vermiculite. Plants were watered with distilled water every two days. Three out of four plants of each maize inbred line were sent to PLANT CYTOMETRY SERVICES in the Netherlands for determination of absolute DNA content of plant nuclei (C-value). For each inbred line, DNA content was measured from three biological replicates and two technical replicates using flow cytometry as described in Enke et al. 46 . Genome size was estimated in picograms (pg) per 2 C nucleus using the nuclear DNA content of Vinca major, which is an evergreen plant with a relatively small DNA content (4.20 pg/2 C) compared to that of Zea mays, as an internal standard. Nuclear DNA content for the unknown samples (maize inbred lines) was calculated using the following formula 47 : Table 2 . R 2 (contribution coefficient) and P for each contribution coefficient determined from a linear model of genome size. Contribution coefficients for different indicators of flowering time for 159 tropical and temperate maize inbred lines in different zones are shown. A total of 136 out of 159 was fit to a linear model with population structure introduced and further with kinship introduced. DTS: days to silking; DTA: days to anthesis; ASI: anthesis-silk interval; PRDTA: photoperiod response of day to anthesis; PRDTS: photoperiod response of day to silking; HN: Hainan, represents tropical region; BJ: Beijing, represents temperate region. For quality control, each measurement included more than 10,000 events, and the CV for most samples should be < 5-6% 23, 47 . For each maize inbred line, the average of six readings (three biological replicates and two technical replicates) was used to estimate the final genome size. Outliers in genome size were replaced as missing data. The R package was used to analyze the genome size data (http://www.r-project.org).
Resequencing of maize lines. Using CTAB method 48 , genomic DNA was extracted from a single seedling from each of the 70 maize inbred lines grown under greenhouse conditions as described above for quantification of genomic DNA (Table S2) . A library with insert size ranging between 400-600 bp was constructed from DNA extracted from each maize inbred line as described in Quail et al. 49 . Paired-end sequencing of each library was carried out on the HiSeq 2000 platform. We sequenced 90 bp from each paired end, and 6.0 Tb raw sequence data for the maize inbreds was obtained. Trimmomatic (version 0.30) was used to trim adapters in the raw reads 50 .
Calculation of knob RPKM. The 180-bp knob sequences of temperate and tropical maize lines 24 were downloaded from NCBI, and a 180-bp knob database was made using the protocol described by Tenaillon et al. 23 . SSAHA2 (version 2.5.5) was used to map genomic data of our 70 maize inbred lines to the 180-bp knob database with parameters -kmer 13 -skip 1 -identity 80 -memory 4000 -best 1 -score 12 -cmatch 9 -ckmer 6. Alignments < 30 bp were filtered out using kentUtils (http://github.com/ENCODE-DCC/kentUtils), and each alignment was considered a "hit". The total number of knob hits was recorded for each inbred line. The 180-bp knob abundance indicated by RPKM 51 was calculated following Tenaillon et al. 23 as
where M is the number of reads mapped against the 180-bp knob database, H i is total the number of reads that map to the i th knob and L i is the length of the knob in kilobases.
Read mapping and assembly of 180-bp knobs. We selected 16 maize lines (Table S3 ) that had large differences in genome size to determine if 180-bp knobs are conserved or polymorphic. Reads for each of the 16 resequenced maize inbred lines were separately mapped to 180-bp knob sequences using SSAHA2 after excluding alignments < 30 bp were filtered out. SOAP de novo (version 2) was used to assemble the mapped reads into 180-bp knob sequences. Each assembled knob sequence was named based on sequence number, inbred line, and length of the assembled knob sequence. For example, the name 1833CNA004.180 indicates that this is the 1833rd sequence of the inbred line CNA004 and that the assembled knob sequence is 180-bp (Table S3 ). Reads of the resequenced maize lines were further mapped to the assembled knob sequences of 70 maize inbred lines by SOAP (version 2.21) with parameters -v 2 -p 20 -r 2. The top ten abundant sequences were aligned with DNAMAN 7.0.
Phenotyping and analysis for flowering time.
A total of 159 maize inbred lines that consisted of 74 tropical/subtropical and 85 temperate inbred lines (Table S4) 56°N, 100 .27°E, Gansu-China), with two replicates in the same plot. All lines were planted using an incompletely randomized block design. Each plot was four meters long with 60 cm between rows and 25 cm between plants. The plots were single-row in the tropical region and the Gansu temperate region, and double-row in the Beijing temperate region. Flowering time was calculated as the number of days from planting until half of the plants in a row flowered. DTA and DTS were recorded for each inbred line. For the 85 temperate maize inbred lines evaluated in Gansu, DTA and DTS were averaged for flowering time analysis (For convenience, Gansu is labeled as Beijing). Photoperiod response of day to anthesis (PRDTA) or photoperiod response of day to silking (PRDTS) were calculated as the difference between DTA or DTS under long-and short-day conditions, respectively. Outliers in flowering time were replaced as missing data. Shapiro-Wilk test was used to check if flowering time data fit a normal distribution. Spearman correlation coefficients were computed to assess the relationship between flowering time and genome size ( Fig. 3a) . Population structure and kinship were introduced to the linear model to correct for population structure as described by Tenaillon et al. 14 . Data were analyzed using the R package (https://www.r-project.org/). GWAS and the genotype data used. A total of 175 maize inbred lines that includes 93 tropical/subtropical and 82 temperate inbreds were used for GWAS (Table S5 ). DNA was extracted from each inbred line using the CTAB protocol following Murray et al. 48 . The DNA samples were genotyped using a newly developed 55 K Array invented by our lab 40 at Capitalbio Technology Beijing. Genome size was used to predict positions associated with it. The 175 inbred lines for genotype were grown under the same environment conditions and the same methods as those inbred lines grown for genome size quantification. GWAS was conducted using mixed linear model (MLM) implemented in TASSEL software (version 5.0) 52 using the following input files: (i) the first three principal components from principal component analysis (PCA) as covariates to account for population structure; (ii) the identity by state (IBS) based on kinship matrix to account for population relatedness; (iii) the genome size determined by flow cytometry; (iv) the 38,765 genotype data after filtering SNPs with minor allele frequency less than 0.05. Manhattan plots were obtained from genome-wide P using a graphical tool for SNP effect viewing and graphing (SNPevg) 53 .
